ABSTRACT Optimizing the natural frequency is crucial for dc-to-load efficient wireless power transfer (WPT) applications on high voltage (HV) power transmission lines. However, a comprehensive optimization approach with the coupling factor and the losses on power electronics both taken into consideration is still in absence. By modeling losses dissipated on various parts, including the class-D inverter, the rectifier, and the resonant loops, a numerical approach is proposed in this paper to evaluate the optimal natural frequency for maximum dc-to-end efficiency. As the system efficiency is also affected by the operating frequency, which is resilient for practical operation, practical operating strategies are applied to determine the working parameters. Furthermore, considering that the HV WPT systems may work with various coupling factors, optimal natural frequencies for various coupling factors are analyzed and compared. Several groups of experiments are conducted to verify the effectiveness of the proposed numerical approach. Experimental results show that the approach can effectively predict the optimal natural frequency. When compared with the cases where the natural frequency is 100 or 600 kHz, an efficiency enhancement of about 20% can be achieved using the optimized natural frequency. When compared with the cases where the natural frequency is optimal for maximum Q value, an efficiency of 9% can still be achieved for loosely coupled occasions.
I. INTRODUCTION
Online monitoring terminal devices on high voltage (HV) power transmission lines are critical Internet of Things (IoT) components for smart power grid [1] - [3] . As shown in Fig. 1 , these devices can be utilized to realize information sharing and intelligent control, which significantly improve the intelligence and reliability of the power system [4] - [6] . However, reliable and maintenance-free power supply has always been a challenging problem for these outdoor terminal devices [7] . Conventional solar energy sources are quite limited by the weather condition and regular maintenance work is also needed. Though a scheme of Rogowski coils is proposed in [7] to achieve a stable power supply by extracting power from overhead current-carrying conductors, the Rogowski coils cannot be directly used to power the numerous grounded terminal devices due to the need of insulation. Reliable and maintenance-free power supply still remains to be addressed.
Recently proposed wireless power transfer (WPT) [8] - [10] based on magnetic resonance coupling presents an alternative solution. As shown in Fig. 2 , a practical HV WPT system comprises five parts: the current transformer device (CT), the high frequency inverter, the coupling LC resonators, the rectifier and the load, which have been installed and run in Guangxi power grid of China in our previous work. The CT device, the inverter, and the Tx resonator are mounted close to the lines, and stays at the same potential with the HV power transmission lines. The Rx resonator and the load are mounted on the tower, and are grounded for good EMC property. Generally, the HV electrical power is firstly extracted from the transmission lines by CT devices, and then delivered wirelessly from HV lines to towers, thus powering the load without hindering the insulation between the lines and towers. Since WPT can be implemented under various weather conditions, it can be adopted as an alternative power source with excellent reliability.
The HV WPT applications must be capable of achieving a high dc-to-load efficiency while transferring tens of watts at sub-meter distance, which is the necessary gap for insulation. It is known that there are peaks and valleys of the line current within a day [11] . During the current valley periods, the extracted power by CT devices could be less than several tens of watts. In order to keep the terminal devices always available, the dc-to-load efficiency is desired to be as high as possible; otherwise, the monitoring devices may fail to work during the current valley periods.
Among the various efficiency enhancement approaches, optimizing the natural frequency f nat of the resonant loops is of the primary importance as this approach does not need extra space and weight and allows a light-weight and dc-toload efficient solution to be achieved. Several related works have been previously conducted to optimize f nat . In [12] , the WPT system is operated at a relatively low frequency of 20 kHz so that efficient driver circuits can be easily realized. However, this approach needs a large coupling factor k to obtain a high link efficiency, which is mostly achieved by using field shaping techniques with heavy metamaterials and ferrite cores. For loosely coupled occasions, f nat is mostly optimized for maximum unloaded Q value [13] , [14] . However, the unloaded Q value just describes the link efficiency and does not take into account the losses on power electronics. An example of this was described by Kurs et al. [15] , where the use of a 9.9-MHz Colpitts oscillator driver achieved a dc-to-load efficiency of only 15%, when the transfer efficiency was 50%. In general, the above works are mainly focused on optimizing either the driver efficiency or the Q value. A comprehensive estimation of the optimal f nat for maximum dc-to-load efficiency is still in absence. Moreover, the coupling factor k should also be considered for optimizing f nat as it also has significant influence on the link efficiency.
In order to achieve the highest dc-to-load efficiency under various natural frequencies, a system-level numerical approach is proposed in this paper. By modeling the frequency dependent losses on various parts, including the inverter, the resonant loops, and the rectifier, the natural frequency f nat of the WPT system can be optimized to minimize the overall losses. Compared with the optimal driver efficiency approach in [12] and the optimal Q value approach in [13] and [14] , the dc-to-load efficiency can be thus promoted using the proposed numerical approach. Practical working parameters of the HV WPT system are used to evaluate the optimal f nat under various coupling factors. With proper modification, the proposed numerical approach can also be used in other WPT applications.
This paper is arranged as follows: Section II addresses the general circuit structure of the HV WPT applications. Section III presents the modeling of losses on various parts, followed by the derivation of the optimal natural frequency for highest dc-to-end efficiency. Section IV exhibits the experimental results which validates the effectiveness of the proposed numerical approach. Finally, concluding remarks are drawn in Section V.
II. OVERVIEW OF THE HIGH-VOLTAGE WPT SYSTEM
As illustrated in Section I, for HV applications, electrical power is delivered wirelessly from power lines to towers using WPT technology based on magnetic resonance coupling. To simplify the system structure and also to increase the systematic reliability in HV occasions, a two-coil structure with lumped parameters is adopted to establish the WPT system and a class D full-bridge inverter is utilized to generate the needed high frequency AC source.
The equivalent circuit diagram is depicted in Fig. 3 . The CT module with its managing circuits is considered as an adjustable DC source V s , which feeds the class D inverter. The output AC voltage of the inverter is V o , which drives the sending coil L 1 compensated by a series capacitor C 1 . The resonant inductance of L 2 and the resonant capacitance of C 2 at Rx side are set to be identical with L 1 and C 1 , respectively, so that both sides theoretically share the same resonant frequency. A mutual factor k is presented in Fig. 3 to reflect the coupling of the receiving side. A full bridge rectifier is used with a filtering capacitor to obtain a stable voltage source for the load R L .
In Fig. 3 , R L1 and R C1 represents the parasitic resistance of L 1 and C 1 , respectively. R L2 and R C2 refers to the parasitic resistance of L 2 and C 2 , respectively. Losses are mainly dissipated on the inverter, the rectifier and the parasitic resistance of the two resonant loops, which are denoted as P inv , P rec , and P loop , respectively. Assumed that P load represents the power consumed by the load, the overall efficiency η dc-to-load can be expressed as:
Generally, the simplest way to increase the overall system efficiency is to increase the natural frequency f nat . However, with f nat increasing, the parasitic resistance of the coupling inductors and the power dissipated on the inverter will also increase [13] , [14] , [16] , [17] , which adversely reduces the overall efficiency. Moreover, with f nat increasing, the WPT system may convert from under coupled mode to over coupled mode due to the stronger reflected impedance, which also influences the practical operating strategy as well as the overall efficiency. By establishing the function relationship between the losses on various parts and the natural frequency f nat with the practical operating strategy, an optimal value of f nat can be found to obtain the highest dc-to-load efficiency. The detailed loss model is presented in Section III.
III. POWER LOSS-ORIENTED ANALYSIS OF THE SYSTEM'S VARIOUS PARTS
This section details losses on various parts and compares the overall system efficiencies under various natural frequencies.
A. LOSSES ON THE INVERTER
Losses on the inverter mainly consist of three parts [18] : P rDS , P toff , P G , which are due to MOSFET drain-source parasitic resistance (denoted as r DS ), MOSFET turn-off, and MOS-FET drivers, respectively. Here, it is assumed that system is operated above resonance, i.e., the working current in Tx loop lags V o by a certain phase angle, and the turn-on loss is ignored [19] . Then, losses on inverter can be expressed as:
As there are always two MOSFETs in working in a full bridge inverter, P rDS can be calculated as follows:
where I 1 is the amplitude of the working current in Tx loop. P toff is determined by the operating frequency and the working current when MOSFETs are turned off. Let θ be the phase angle that I 1 lags V o , then P toff can be expressed as:
where t r and t f are the rising time and the falling time of the MOSFETs, respectively. The driver loss is expressed as:
where Q g is the charge at gate and V g is the driving voltage of the MOSFETs. As a result, (2) is rearranged to
B
. LOSSES ON RESONANT LOOPS
The power dissipated on the two resonant loops is determined by the working current at both sides and the two loops' parasitic resistance. Briefly, P loop can be calculated by
where I 2 is the amplitude of the working current in Rx loop. When calculating P loop , the RMS values of I 1 and I 2 are used. Hence, P loop is divided by two in (7). In (7), I 1 is calculated as:
where 4/π is the ratio of the fundamental frequency when square wave V o is converted to Fourier expansion, Z 1 represents the total impedance of Tx loop, which is expressed as:
and Z re is the reflected impedance from Rx side to Tx side
I 2 is expressed as:
The resistance of the resonant capacitors is normally constant while the coil resistance is frequency dependent. According to [14] , the coil resistance contains three parts. Firstly, resistance due to the Joule effect by the carrying current in the wire, that is, conduction resistance, R cond . Traditionally, R cond is associated with skin effect. Secondly, resistance due to the eddy currents induced in each strand due to the internal induction by its neighboring strands, R ind_int . Thirdly, resistance due to the eddy currents induced from the external magnetic flux created by the rest of the turns, R ind_ext . As Ferreira stated in [20] (page 90, Section 6.3), the proximity effect due to the external field can be separated from the proximity effect losses imposed on the individual strands by the neighboring strands. Therefore, the two inductive resistances can be added up directly. With the strand-number coefficient K str taken into account, the coil resistance is concluded as follows (12) where K str can be easily tested through simple measurement [13] . Assumed that the coupling coil is N t turns wound by litz wires of n 0 strands with a radius of r 0 per strand, the conductive resistance is expressed as:
where σ is the conductivity of the material and σ = 5.8 × 10 7 ( m) −1 for copper, r turn is the coil radius, and ξ is expressed as:
where µ is the space magnetic permeability (µ 0 = 4π × 10 −7 H/m) and ω is the angular frequency of the AC source. In (13) , cond (ξ r 0 ) is calculated as:
where ber and bei are Kelvin functions [20] . The detailed derivation of (13) may be beyond the scope of this report. To a more curious reader, the authors would like to draw attention to prior theoretical model formulations [13] , [14] . According to [13] , R ind_int and R ind_ext are expressed by (16) and (17), respectively.
where r c is the radius of the wire bundle, and indu (ξ r 0 ) is expressed as:
In (17), H (a) represents the external magnetic field amplitude imposed on the ath turn by all other turns [13] . By substituting (13), (16) , (17) into (12), the frequency dependent coil resistance can be obtained.
By substituting (12) into (8) and (11), the working current in both loops can be derived with a given operating frequency and V o . Then, according to (7) , losses on the resonant loops can be deduced.
C. LOSSES ON THE RECTIFIER
In order to achieve a stable DC source for the load, a fullbridge rectifier with filtering capacitors is employed at the Rx side. Certain power is dissipated on the rectifier and the filtering capacitors due to the forward voltage drop of the diodes and the parasitic resistance, respectively. According to [18] , the losses can be calculated as:
where P VF and P CF can be expressed as:
where V F and r CF are the forward voltage drop of the diodes and the parasitic equivalent resistance of the filtering capacitors, respectively. Hence, (19) can be transferred to
D. OPTIMIZATION OF THE NATURAL FREQUENCY
By combining (6), (7) and (22), the function relationship of losses on various parts versus the operating frequency f o and the amplitude of V o can be established. To calculate the numerical values, f o and V o should be firstly confirmed. With f nat increasing, the WPT system will step from the undercoupled mode into the over-coupled mode, which results in different operating strategies. In order to achieve accurate analysis, the practical operating strategy will be firstly introduced in this part. As seen in Fig. 4(a) , for a relatively low f nat , e.g., 150 kHz, the I 1 -f o curve has only one peak, i.e., the system is in undermode. For this occasion, f o is set to be slightly higher than the peak frequency so that I 1 lags V o by about 20 • , thus eliminating the turn-on switching loss. When f nat is relatively high, e.g., 360 kHz, the system works in over-coupled mode and has two peaks of the I 1 -f o curve, as seen in Fig. 4(b) . For this occasion, the frequency of the second peak is employed as the practical f o to ensure enough output power and a lagging phase. It is noted that the transformation from undercoupled mode to over-coupled mode is due to the increment of f nat rather than the coupling factor k.
On the other hand, for HV WPT system, the DC voltage V s is also tuned to match practical needs. In order to protect the CT module and the inverter from overheating in outdoor environment, the transmitted power P tr of Tx side is restricted within 100 W by adjusting V s , which can be expressed as:
Here, 48 V is the maximum DC output voltage of the CT module. With V s and f o determined, the working current in VOLUME 6, 2018 both loops can be derived according to (8) and (11), respectively. Then, the evaluation of the practical efficiencies under various f nat values can be concluded as follows:
1) Setting a natural frequency f nat by adjusting the resonant capacitance.
2) Evaluating the coil resistance under f nat , which is close to the practical operating frequency f o .
3) Determining the operating frequency f o according to the practical operating strategy. 4) Regulating V s till P tr reaches 100 W or V s reaches 48V. 5) Calculating the working current in both loops. 6) Calculating losses on various parts and the power consumed by the load.
The power distribution and the dc-to-load efficiency can be numerically derived by using the steps above. Then, by comparing the system efficiency under various f nat values, the optimal f nat can be located. As the calculation work is relatively easy with the aid of a computer, this work can be firstly performed before a real WPT system is implemented. Thus, the system efficiency can be enhanced and unnecessary cost can be avoided. For other WPT types, this numerical approach can also be potentially applied with proper modification, such as the practical operating strategy, etc.
The calculation is conducted with parameters of the practical system in Fig. 2 , which are listed in Table 1 . The single-layer circular solenoid coils are wound with litz wires of 500 strands and have dimensions of 20 cm, 19, 0.05 mm and 1.5 mm in coil radius, turn number, strand radius and bundle radius, respectively. The coupling factor k between the two coils is about 0.018 at 55 cm transfer distance. f nat varies from 100 kHz to 600 kHz at a step of 10 kHz by adjusting the resonant capacitance.
Under the given parameters and operating strategy, the values of I 1 , I 2 , V s and θ versus f nat are plotted in Fig. 5 . As seen in Fig. 5(a) , with f nat increasing, I 1 presents a downtrend. This is because both the coil resistance and the reflected impedance from Rx loop to Tx loop become higher with f nat increasing. I 2 firstly rises up as the larger induced voltage of jωMI 1 imposes more influence than the frequency dependent coil resistance and then declines as the coil resistance becomes the dominant factor. The maximum I 2 occurs when f nat is 230 kHz, where the WPT system is in the critical coupling state.
In Fig. 5(b) , the phase angle θ is around 20 • in under coupled regime, and gradually rises to around 30 • in over coupled regime. The slight up and downs of θ is because the resolution of f o is 100 Hz. With f nat increasing, the amplitude of V s is up regulated to obtain 100 W output power till it reaches 48 V.
Then, the calculated results of power dissipated on each part are shown in Fig. 6 . P inv is positively correlated with f nat . P loop demonstrates a saddle shape with f nat increasing and reaches a minimum value when f nat is 230 kHz. Correspondingly, a maximum value of P load is achieved at this natural frequency. P rec keeps the same trend with P load as they are both determined by I 2 . Since P rec is relatively small, the overall losses are mainly due to P inv and P loop .
As a result, the η dc-to-load -f nat curve is also plotted in Fig. 6 against the right vertical axis. The optimal f nat for maximum η dc-to-load (denoted as f nat_opt_dc ) is 230 kHz, under which an overall efficiency of 72.8% can be obtained. When f nat is relatively low, e.g., 100 kHz, the calculated η dc-to-load is only 55.45%. When f nat is relatively high, e.g., 600 kHz, η dc-to-load is no more than 50%. Compared with the very low and very high natural frequency occasions, an efficiency enhancement of about 20% can be achieved using f nat_opt_dc . Compared with the system efficiency when f nat is 190 kHz, which is optimal for maximum Q value according to (24), 3% efficiency enhancement can still be achieved using f nat_opt_dc . The value of f nat_opt_dc and the efficiency enhancement are actually correlated with the coupling factor k, which will be illustrated in the following part.
E. OPTIMAL NATURAL FREQUENCY WITH VARIOUS COUPLING FACTORS
The system in Fig. 2 can be implemented for power transmission lines of 35 kV and 10 kV level, at 55 cm transfer distance. However, for many HV applications, the transfer distance needs to be extended due to the need of installation and insulation. Taking lines of 110 kV level for example, the separation has to be 110 cm at least, which means a much smaller coupling factor k. Moreover, as shown in Fig. 7 , construction error may also cause additional transverse offset and angular misalignment, which also result in the reduction of k. Therefore, system performance under various k values should also be analyzed to match the practical needs. In Fig. 7 , let h be the transverse offset and α Tx be the angular misalignment. Then, according to the Biot-Savart's law [21] , the mutual inductance between the non-perfectly aligned Tx coil and Rx coil can be calculated as:
where R QN is expressed in (26), as shown at the bottom of the next page.
Considering that for practical occasions, the largest transverse offset and angular misalignment are within 10 cm and 30 • , the k value with 55 cm distance ranges from 0.016 to 0.019 according to (25) . Similarly, the k value with 110 cm distance is between 0.002 and 0.003. Then, the values of η dc-to-load with k ranging from 0.002 to 0.02 at a step of 0.003 are compared in Fig. 8 .
For each k value, the dc-to-load efficiency under various f nat values are calculated using the given operating strategy. VOLUME 6, 2018 FIGURE 9. The practical experimental prototype.
The calculated η dc-to-load -f nat curves are depicted in Fig. 8 . For the sake of comparison, the optimal dc-to-load efficiency η opt_dc and the efficiency when f nat is optimal for maximum Q value (denoted as η opt_Q ) are also marked in Fig. 8 , as represented by the black dot line and the red triangle line, respectively.
As seen in Fig. 8 , with k decreasing, the optimal f nat value for maximum dc-to-load efficiency, e.g., f nat_opt_dc , becomes higher and higher, and gets more deviated from f nat_opt_Q , which is 190 kHz and represents the optimum f nat for Q value. Let η diff represent the difference between η opt_dc and η opt_Q . The η diff values of the seven groups also get larger with k decreasing. With k varying from 0.02 to 0.002, the seven η diff values are 0.537%, 2.88%, 4.42%, 5.94%, 8.52%, 8.49%, 7.06%, respectively. Hence, the effects of optimizing the natural frequency are more obvious with a smaller coupling factor. Considering that the system efficiency is inherently low with a small k, the efficiency enhancement is of crucial importance for HV applications to work through the current valley period.
IV. PRACTICAL EXPERIMENTS A. PROTOTYPE AND EXPERIMENTAL SETUP
The practical implementation of the WPT system is shown in Fig. 9 . A DDS (Direct Digital Synthesizer) module controlled by a MCU (Micro Controller Unit) is adopted to generate accurate square wave exciting signals. The frequency signal is amplified by a gate driver module and then drives a MOSFET H-bridge to convert an adjustable DC source to the needed AC source. The Tx resonant loop is energized by the AC and transmits power to Rx loop through the mutual inductance. The received high frequency AC is rectified into DC using a bridge rectifier at Rx side. The output DC is filtered by capacitors before it drives a resistive load of 12.5 . According to [18] , the equivalent load resistance is 8/π 2 times of the practical lamp resistance. Thus, R L in Fig. 3 is equivalent to 10 . The inverter bridge is constructed by CSD19534 KCS MOSFETs and the rectifier bridge is formed by SS34 Schottky diodes. The parameters referring to the inverter loss and the rectifier loss, including r DS , Q g , V G , V F , etc., are listed in Table 1 . Specially, the t r and t off values are determined by the driver chips of IR2110. The tested values for t r and t off are both close to 50 ns.
The transfer gap in Fig. 9 is 55cm, which is in accordance with that of the practical WPT system in Fig. 2 . The measured self-inductance and mutual inductance are 275 uH and 5.08 uH, respectively. Ceramic capacitors of CCG81 series are adopted as the resonant capacitors due to their low conduction resistance and high withstand voltage. The natural frequency of both sides can be adjusted by combining capacitors of various capacitances. During the experiments, the input DC power of the inverter and the output DC power of the rectifier are measured by DC voltmeters and ampere meters. The output AC power of the inverter and the input AC power of the rectifier are measured by a Tektronix PA1000 power analyzer. By subtracting the output power from the input power, the power dissipated on the inverter and the rectifier can be obtained. The AC driving voltage V o and the working current in Tx loop I 1 are both detected by a Tektronix DPO 2004B oscilloscope. As shown in Fig. 10 , the experimental waveforms of V o and I 1 are recorded and the phase angle θ is detected. The amplitude of I 2 can be deduced by multiply the load current by π/2 [18] . Then, losses due to the loop resistance can be calculated by (7) .
The uniformity of the natural frequencies of both sides is also of crucial importance for the system performance. In order to match the two natural frequencies, thin-film capacitors are series-connected in resonant loops. By changing the extra injected capacitance, the natural frequency can be trimmed, and the effects of mismatching can be diminished.
B. EXPERIMENTAL RESULTS
The analysis of the power distribution is based on the prediction of the frequency dependent coil resistance. Therefore, the coil resistance under various operating frequencies is firstly measured by an Agilent E4980A LCR meter. The results are exhibited in Fig. 11 . The measured resistance is very close to the analytical results when K str is set to be 3. A set of experiments are conducted to compare system performance under various f nat values. For each experiment, the operating frequency f o is determined by the given operating strategy. V s is adjusted to obtain 100 W output power of the inverter. The values of I 1 , I 2 , and the phase angle θ are all recorded. The results are listed in Table 2 .
For the former three groups, the system is working in under-coupled mode and the operating frequency is set to be slightly higher than its single peak to eliminate the turn-on switching loss. The phase of I 1 of the former three groups are all about 20 • lagging V o . With f nat decreasing, the reflected impedance also declines, which results in a lower dc-to-load efficiency η dc-to-load . As a result, the more f nat deviates from 230 kHz, the smaller I 2 will be as well as the η dc-to-load value.
The fourth group works in critical-coupled mode and slight frequency splitting occurs. In this case, the second peak is selected as the operating frequency with a 25 • phase angle. From the fifth group, system works in over-coupled mode and the phase differences are all about 29 • . For the last three groups, with f nat increasing, the ohmic losses on coils and the inverter become the dominant factor of the overall efficiency and I 2 presents a downtrend, implying a lower load power and a lower dc-to-load efficiency.
The power distribution with various f nat values is plotted in Fig. 12 . The analytical results are also plotted for comparison. As seen in Fig. 12 , the tested losses present the same trend with the analytical results. P inv rises with f nat increasing. P loop shows a saddle shape and achieves the minimum values when f nat is 256 kHz. Correspondingly, P rec and P load reach their maximum values at this natural frequency as the maximum output current is obtained. P inv is slightly higher than the predicted results. This is because some energy is stored in the output capacitance of the MOSFETs and is then dissipated during the switching transition. The reason for the slightly higher P rec is that the loss due to the reverse recovery of diodes is not considered. However, the loss on the diodes is generally small, and has little influence on the estimation of the optimal f nat for maximum η dc-to-load value.
The η dc-to-load -f nat curves are also plotted in Fig. 12 . The practical efficiencies are close to the analytical ones, which indicates the validity of the numerical approach. Among all the groups, the fourth group, where f nat is 256 kHz, achieves the maximum dc-to-load efficiency of 68.2%. This result is 19% higher than that of the first group, where f nat is 99.1 kHz, and 27% higher than that of the seventh group, where f nat is 619.5 kHz. Compared with the case where f nat is optimal for highest Q value, the overall efficiency is still 3% higher. Generally, the proposed numerical approach can effectively predict the optimal f nat for the highest dc-to-end efficiency. Moreover, this approach can also be utilized to analyze the power dissipated on each part, which helps designers to protect system devices from overheating.
C. OPTIMAL NATURAL FREQUENCY WITH VARIOUS COUPLING FACTORS
To obtain the optimal f nat values with various coupling factors, a few groups of experiments are conducted at various transfer distances. For each distance, the mutual inductance is firstly tested and the coupling factor k is then calculated. For the seven coupling factors listed in Fig. 8 , the corresponding transfer distances are 0.54 m, 0.58 m, 0.63 m, 0.69 m, 0.78 m, 0.93 m, 1.28 m, respectively. Then, the η dc-to-load -f nat curves at various distances are tested to figure out the optimal η dc-to-load and the corresponding f nat . The experimental results are shown in Fig. 13 . As seen in Fig. 13 , for cases where k is 0.002 and 0.005, the highest dc-to-end efficiency can be achieved when f nat is 430 kHz. For cases where k ≥ 0.014, f nat_opt_dc is around 250 kHz. The tested results of f nat_opt_dc are close to the analytical ones though there exist a bit deviation. This deviation is because the resonant capacitors are formed by combining several capacitors of different capacitance values, and there are only several limited f nat values for practical experiments. However, the experimental results can still provide an approximate estimation of f nat_opt_dc with various k values.
Moreover, the tested η opt_dc has higher values than η opt_Q for all the groups. Specially, for the case where k equals 0.005, the difference between η opt_dc and η opt_Q can be as high as 9%.
V. CONCLUSION
This paper is focused on the natural frequency optimization for HV WPT applications. By modeling the losses on various parts of a practical WPT system, a numerical approach is proposed in this paper to optimize the natural frequency for highest dc-to-load efficiency. The optimal natural frequency is evaluated with various coupling factors, and several group of experiments are conducted to validate the effectiveness of the proposed numerical approach. Both the analytical results and the experimental results have indicated that the proposed approach can effectively evaluate the optimal natural frequency and the dc-to-load efficiency can be thus enhanced without any additional materials. Compared with the conventional optimal Q value method, the enhanced dc-to-end efficiency is particularly higher for loosely coupled WPT systems. This result is essential for HV WPT applications to work through the line current valley period and also benefits designers to take a deep insight into the energy distribution on various parts and to prevent system devices from overheating.
